In this paper, we develop an analytical approach to predict the field-induced alignment of cantilevered graphene nanoribbons. This approach is validated through molecular simulations using a constitutive atomic electrostatic model. Our results reveal that graphene's field-oriented bending angle is roughly proportional to the square of field strength or the graphene length for small deformations, while is roughly independent of graphene width. The effective bending stiffness and the longitudinal polarizability are also found to be approximately proportional to the square of graphene length. Compared with carbon nanotubes, graphene nanoribbons are found to be more mechanically sensitive to an external electric field.
Introduction
If a thin nanostructure is brought into an electric field, electric polariza-17 tion effects will induce a moment of force, which tends to orient the nanos-18 tructure toward the field direction [11] . This moment will make the nanos- 
Simulations

31
In this work, molecular simulations were performed to compute equilib-32 rium structures of cantilevered GNRs in an electric field, using an energy induced by applied electrostatic fields. The internal potential is calculated 38 using the adaptive interatomic reactive empirical bond order (AIREBO) po-39 tential function [22] , which has been used in recent studies on mechanical 40 properties of CNTs [23] and GNRs [24] . The external potential describes 41 the electrostatic interaction between the charges, the dipoles and the ex-42 ternal field, it is computed using an atomic charge-dipole interacting model
43
[25, 27, 28], which has been validated through charge-injection experiments 44 using an atomic force microscope [29] . the correlations between the electric polarizability, the bending stiffness, and 55 the geometry of GNRs, the curvature ω of a cantilevered GNR in an electric 56 field can be calculated as follows:
where M is the bending moment induced by the electric polarization [30] , respectively. θ is defined as the angle between the initial axis of graphene 63 and the vector from one graphene end to another after deformation. Since 64 the curvature ω can be approximated as ω = 2θ/L and usually α // >> α ⊥ , the governing equation can therefore be written as (see Fig. 2 ). These simulation data can be fitted using a simple equation as
where A = 0.35eV·nm −2 for GNRs with either armchair or zigzag edges.
80
For comparison, we also calculated the effective bending stiffness of CNTs. implies that the alignment of GNRs can be much more significant than that
85
of CNTs for a given magnitude of electric polarization.
86
Another important parameter in Eq. 2 is α * // . Its value was determined using electrostatic simulations based on the atomic charge-dipole model [25] .
88
In these simulations, the value of α * // was calculated from the definition 89 p = Eᾱ, whereᾱ is the the matrix of molecular polarizability, p and E
90
stand for the vectors of the induced molecular dipole (see Fig. 3 (a) ) and the applied electric field, respectively. As shown in Fig. 3 (b) , our simulation 92 results suggest that α * // is roughly proportional to L 2 .
where B = 15.01 is a constant for either armchair or zigzag GNRs, since 94 no large difference has been found between α * // of these two types of graphene.
95
Since Eq. 4 shows a typical metallic behavior of graphene, we note that α * 
where C = 4AB ≈ 21eV·nm −2 . We note that, since the geometry periodic 
Results and discussions
105
We can see from Eq. 5 that, in small deformation region, θ is roughly
106
proportional to E 2 , sin θ 0 or L. In Fig. 4 , we plot data of the alignment can be simplified to 
Conclusion
128
In conclusion, we have developed an analytical model to predict the align- 
